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Abstract—Unmanned aerial vehicles (UAVs) are set to feature
heavily in upcoming fifth generation (5G) networks. Yet, the
adoption of multi-UAV networks means that spectrum scarcity
in UAV communications is an issue in need of urgent solutions.
Towards this end, downlink non-orthogonal multiple access
(NOMA) is investigated in this paper for multi-UAV networks
to improve spectrum utilization. Using the bivariate Rician
shadowed fading model, closed-form expressions for the joint
probability density function (PDF), marginal cumulative distri-
bution functions (CDFs), and outage probability expressions are
derived. Under a stochastic geometry framework for downlink
NOMA at the UAVs, an outage probability analysis of the multi-
UAV network is conducted, where it is shown that downlink
NOMA attains lower outage probability than orthogonal multiple
access (OMA). Furthermore, it is shown that NOMA is less
susceptible to shadowing than OMA.
Index Terms—Unmanned Aerial Vehicle, NOMA, Outage
Probability, Bivariate Rician Shadowed Fading.
I. INTRODUCTION
In upcoming fifth generation (5G) networks, the application
of unmanned aerial vehicles (UAVs) is expected to feature
heavily for a multitude of roles, including as aerial base
stations [1]. However, spectrum is a scarce resource in UAV
communications, with UAV control links sharing the spectrum
together with other existing systems [2].
To improve spectrum utilization in 5G UAV communica-
tions, power domain non-orthogonal multiple access (NOMA)
can be adopted to accommodate more downlink UAVs in
multi-UAV networks than orthogonal multiple access (OMA)
schemes. A typical scenario for multi-UAV networks with
downlink NOMA involves the ground station (GS) using
superposition coding to transmit signals simultaneously to the
downlink UAVs. Thereafter, UAVs with strong channel gains
employ successive interference cancellation (SIC) to recover
the desired signal while UAVs with weak channel gains decode
the desired signal by treating other UAVs’ messages as noise,
i.e., interference-ignorant (II) detection.
Since being considered as a candidate technology for 5G,
NOMA has been widely investigated in the literature, par-
ticularly for cellular networks in terms of reliability [3], [4],
[5], [6]. For instance, the outage probability at downlink nodes
with NOMA was analyzed for Rayleigh fading channel models
in [3], [4], [5], [6] with fixed power allocation schemes [5]
and dynamic power control schemes [3], [4], [6]. One of
the main observations in [3], [4], [6] was that NOMA can
achieve a lower outage probability than OMA. However, the
extent to which these observations can be applied to multi-
UAV networks is currently unclear due to a difference in the
operating environment.
One of the main difference between cellular networks and
multi-UAV networks is the modeling of node locations. In
this regard, stochastic geometry has been widely studied in
the literature for the purpose of accurate system analysis. For
cellular systems, the Poisson point process (PPP) model has
been widely applied [7]. However, for multi-UAV networks,
the PPP model is unsuitable given a fixed number of UAVs
operating in a multi-UAV network [7], e.g., when UAVs are
deployed as aerial BSs [7], [8]. Instead, one can use the
homogeneous binomial point process (BPP) model for the
spatial locations of UAVs [7], [8]. In this spirit, it is noted
that the application of the BPP model for multi-UAV networks
with downlink NOMA has not yet received much attention in
the literature.
In addition to the modeling of UAV locations, UAV channel
models can also differ from those commonly used for cellular
systems. As an example, it is noted that, apart from Rayleigh
fading, Rician and Rician shadowed fading [2], [9], [10] can
also be encountered in UAV communications. In particular,
the reliability of interference-limited UAV communications
was studied in [9]. Using a power series approach, the non-
centered Chi-squared probability density function (PDF) was
expressed as a power series to enable derivations of closed-
form outage probability expressions. Utilizing the same power
series approach, the relevant PDF and cumulative distribution
function (CDF) expressions for a Rician shadowed fading
model was presented in closed-form [10]. The closed-form
solutions in [10] was subsequently applied towards outage
probability analysis of UAV communications in a Rician
shadowed fading environment.
Thus far, the studies in [9] and [10] have only considered
univariate fading models, which are suitable towards modeling
point-to-point links in OMA-based systems. However, in the
context of NOMA, univariate fading models are unsuitable
due to dependent UAV links, which can arise due to similar
operating environments. To overcome such a limitation, a
Fig. 1. A multi-UAV network with downlink NOMA in a suburban
environment is illustrated here. The downlink UAVs, UAV-1 and UAV-2,
simultaneously communicate on the same spectrum with the GS.
bivariate Rician shadowed fading model can be considered.
In this aspect, a semi-analytical expression for the PDF of
the bivariate Rician shadowed fading model was recently
presented in [11]. However, the semi-analytical nature of the
PDF may not lend itself to a tractable computation of common
performance metrics, e.g., outage probability.
Therefore, in this paper, we present closed-form expressions
for the PDF and marginal CDFs of the bivariate Rician shad-
owed fading model. Using these expressions, the reliability
of downlink NOMA in a multi-UAV network is analyzed for
bivariate Rician shadowed fading channels. In particular, the
reliability of downlink NOMA in UAV communications is
compared against conventional OMA operating over univariate
Rician shadowed fading channels. The major contributions of
this paper are as follows.
• Closed-form expressions for the joint PDF and marginal
CDFs are presented for the bivariate Rician shadowed
fading model using a power series approach.
• Using the joint PDF and marginal CDF expressions,
closed-form outage probability expressions are derived
for downlink NOMA in a multi-UAV network. It is shown
that the multi-UAV network with downlink NOMA attains
lower outage probability than OMA and is less affected
by the impact of shadowing.
The organization of this paper is as follows. The system
model is introduced in Section II. In Section III, the bivariate
Rician shadowed fading model is discussed, with outage
probability expressions presented in Section IV. Numerical
results are discussed in Section V before the conclusion of
the paper in Section VI.
II. SYSTEM MODEL
We consider a multi-UAV network with downlink NOMA
that is operating in a suburban environment, as depicted in
Fig. 1. Without loss of generality, we consider the specific
case of a single-antenna GS that is simultaneously transmitting
downlink data to two single-antenna downlink UAVs, UAV-1
and UAV-2, on the same spectrum. To model the deployment
of the downlink UAVs, the spatial locations of the UAVs are
assumed to follow a BPP [7], [8]. Further, it is assumed that
the downlink UAVs are operating at the same altitude (Dalt)
to comply with altitude restrictions.
As the multi-UAV network operates in a suburban setting,
the Rician shadowed fading channel model has been shown to
be suitable towards modeling fading and shadowing in UAV
communications [10]. However, unlike in [10], we assume
bivariate Rician shadowed fading channels between the UAVs
and the GS to account for dependency of the links due to
similar UAV channel conditions. Finally, Doppler shift is
assumed to be compensated in this work [9].
A. Distance Distribution of the Downlink UAVs
Following the work in [7], let the spatial location of the
downlink UAVs be uniformly distributed in a disc with radius
ra, angle [0, 2pi), and origin O that is above the GS at an
altitude of Dalt . With the GS directly below the origin O,
the Euclidean distance (km) between UAV-i and the GS is
given as dg,i =
√
D2
g,i
+ D2
alt
, where Dg,i is the Euclidean
distance from the GS that is computed using the projection
of UAV-i onto the ground plane. As the spatial location of
downlink UAV-i follows a BPP, the PDF fdg, i (w) of dg,i is
given as fdg, i (w) = 2wr2a [7, eq. (3)], where
√
D2
alt
+ λ2
g,i
≤
w ≤
√
D2
alt
+ λ2
g,i
+ r2a, 0 < λg,i < ra and λg,1 < λg,2.
The variable λg,i is used to signify a minimum distance
between UAV-i and the GS [7, eq. (3)]. Furthermore, using
the PDF of fdg, i (w), the reliability of downlink NOMA for
UAV communications for bivariate Rician shadowed fading
channels can now be analyzed through stochastic geometry
approaches.
B. Received Signal at the Downlink UAVs
At the downlink UAVs, NOMA necessitates the adoption of
the II and SIC detectors. As UAV-1 is closer to the GS (λg,1 <
λg,2), we assume an imperfect SIC detector at UAV-1 and an II
detector at UAV-2. Let xgs =
√
ags,1xgs,1 +
√
ags,2xgs,2 be the
transmitted signal from the GS, where xgs,i is the signal-of-
interest (SOI) for UAV-i and ags,i is the power allocation factor
at UAV-i satisfying ags,1+ags,2 = 1. Then, the received signal
at downlink UAV-i can be written as yi =
√
Pt
d2
g, i
hg,ixgs + wi ,
where hg,i denotes the channel between the GS and UAV-i
and wi denotes the additive white Gaussian noise (AWGN) at
UAV-i with zero-mean and variance ηi .
III. BIVARIATE RICIAN SHADOWED DISTRIBUTION
In this section, the Bivariate Rician shadowed fading model
is introduced. We begin by noting that the Bivariate Rician
shadowed distributed random variable (RV) Hk , k ∈ {1, 2} is
modeled as [11]:
Hk = σ
√
1 − ρXk + σ√ρX0 + Z, (1)
where Xk, k ∈ {0, 1, 2} are Gaussian RVs with zero mean and
variance 1
2
and 0 ≤ ρ ≤ 1 is the cross correlation coefficient.
Denoting E{•} as the statistical expectation operator, we
note that E
{ (
σ
√
1 − ρXk + σ√ρX0
)2}
= σ2. Finally, Z is a
Nakagami-m distributed RV with shaping parameter m ≥ 0.5
and E{|Z |2} = ΩN .
The RV |Hk | follows a bivariate Rician shadowed distribu-
tion with E{|Hk |2} = σ2(1 + K) and Rician factor K = ΩNσ2 .
In [11, eq. (4)], the joint PDF fR1,R2 (r1, r2) of Rk = |Hk | is
presented as:
fR1,R2 (r1, r2) =
8( mρ
mρ+K
)m
σ6ρ(1 − ρ)2 r1r2 exp
(
− r
2
1
+ r2
2
σ2(1 − ρ)
)
×
∫ ∞
0
x exp
( −(1 + ρ)
σ2ρ(1 − ρ) x
2
)
I0
(
2r1x
σ2(1 − ρ)
)
I0
(
2r2x
σ2(1 − ρ)
)
×1F1
(
m, 1;
K
σ2ρ(ρm + K) x
2
)
dx, (2)
where I0 (•) is the modified Bessel function of the first kind
with zero order [12, eq. (9.6.10)] and 1F1(•) is the confluent
Hypergeometric function [13].
In the current form, evaluating commonly used metrics, e.g.,
outage probability, using the joint PDF expression in (2) re-
quires the use of numerical methods. Instead, we now present
a closed-form expression for fR1,R2 (r1, r2) in the following
Lemma:
Lemma 1: The closed-form expression for fR1,R2(r1, r2) can
be expressed as the following power series:
fR1,R2(r1, r2)
≈
Ktr,1∑
k=0
k∑
i=0
i∑
n=0
α(k, i, n)r2n+11 r2(i−n)+12 exp
(
− r
2
1
+ r2
2
σ2(1 − ρ)
)
,
(3)
where α(k, i, n) =
8(m)k−i
(
K
σ2ρ(ρm+K )
)k−i ( mρ
mρ+K
)m
Γ2(n+1)Γ2(i−n+1)[σ2 (1−ρ)]2i (1)k−i (k−i)!σ6ρ(1−ρ)2
× k!
2
(
1+ρ
σ2ρ(1−ρ)
)k+1 , Ktr, j for j ∈ {1, 2} is the truncation order, and
(a)k = Γ(a+k)Γ(a) is the Pochhammer symbol [12, eq. (6.1.22)].
Proof: The proof is provided in Appendix A.
From (3), one can also obtain the closed-form marginal CDF
FRi (γi) in the following Lemma:
Lemma 2: The closed-form expressions for FR1 (γ1) and
FR2(γ2) can be expressed as:
FR1(γ1) ≈
Ktr,1∑
k=0
k∑
i=0
i∑
n=0
Ktr,2∑
j=0
α(k, i, n)G( j, n, i − n, γ1), (4)
FR2(γ2) ≈
Ktr,1∑
k=0
k∑
i=0
i∑
n=0
Ktr,2∑
j=0
α(k, i, n)G( j, i − n, n, γ2), (5)
where G( j, l, q, γ) = (−1) jγ2(l+ j+1)q!
j![σ2(1−ρ)] j−q−14(l+j+1) .
Proof: The proof is provided in Appendix B.
Using the closed-form expressions in Lemma 2 as the basis,
one obtains the closed-form outage probability expressions of
the downlink UAVs with NOMA, which is shown in the next
section.
IV. OUTAGE PROBABILITY AT THE DOWNLINK UAVS
The outage probability expressions for NOMA at the down-
link UAVs are presented in this section. The outage proba-
bility expressions for OMA at the downlink UAVs are also
presented as a benchmark. Let the transmission rate of the
GS be defined as Rigs for i ∈ {NOM A,OM A}, where we let
RNOMAgs =
1
2
ROMAgs for a fair comparison between NOMA and
OMA.
A. NOMA Outage Probability
With UAV-1 in close proximity to the GS as compared
to UAV-2 (λg,1 < λg,2), an imperfect SIC detector and
an II detector is considered at UAV-1 and UAV-2, re-
spectively. At UAV-i, let Ri = |hg,i | and γNOMA∗i be
the instantaneous received signal envelope of the SOI and
the normalized NOMA threshold, respectively. Specifically,
γNOMA∗
1
=
√
γNOMA
1
Pg,1[ags,1−(1−ags,1)βγNOMA1 ]
and γNOMA∗
2
=√
γNOMA
2
Pg,2[ags,2−(1−ags,2)γNOMA2 ]
, where γNOMA
i
= 2R
NOMA
gs − 1 is
the NOMA threshold, Pg,i = Pt/ηi is the normalized transmit
power, and 0 ≤ β ≤ 1 denotes the strength of the residual
interference due to imperfect SIC.
Using the above definitions, the outage event for NOMA at
UAV-i is defined as ONOMA
i
=
{
Ri, dg,i : Ri < γ
NOMA∗
i
dg,i
}
.
Next, the closed-form outage probability expression for UAV-i
is presented in the following theorem.
Theorem 1: The NOMA outage probability at downlink
UAV-i for i ∈ {1, 2} is
Pr
(ONOMA1 ) ≈
Ktr,1∑
k=0
k∑
i=0
i∑
n=0
Ktr,2∑
j=0
α(k, i, n)
×G( j, n, i − n, γNOMA∗1 )G(λg,1, n + j), (6)
Pr
(ONOMA2 ) ≈
Ktr,1∑
k=0
k∑
i=0
i∑
n=0
Ktr,2∑
j=0
α(k, i, n)
×G( j, i − n, n, γNOMA∗2 )G(λg,2, i − n + j), (7)
where G(λ, k) = (D
2
alt
+λ2+r2a )k+2−(D2alt+λ2)k+2
r2a (k+2) .
Proof: Theorem 1 can be obtained by first evaluating the
conditional outage probability Pr
(ONOMA
i
|dg,i) using Lemma
2 before averaging over the PDF fdg, i (w).
Using Theorem 1, an evaluation of downlink NOMA in
multi-UAV networks under a stochastic geometry framework
is now possible.
B. OMA Outage Probability
As discussed earlier, univariate fading models are suitable
for point-to-point UAV links in OMA. In this spirit, we
employ the univariate Rician shadowed fading model in [10]
for UAV channel modeling. Let Xi = Pg,i |hg,i |2 be the
instantaneous received signal power of the SOI, where Xi is a
Rician shadowed distributed RV with Rician K factor KXi and
shaping parameter mXi . Also, let γ
OMA
i
= 2R
OMA
gs − 1 be the
OMA threshold. Then, the outage event for OMA at UAV-i is
defined as OOMA
i
=
{
hg,i, dg,i : Xi < γ
OMA
i
d2
g,i
}
. Using [10,
TABLE I
SIMULATION PARAMETERS
Parameter(s) Value(s)
Truncation orders {Kt r ,1, Kt r ,2 } {30, 10}
Rician K factors 10dB [2, Table V] for σ = 1
Cross correlation coefficient ρ 0.5
Transmission rate ROM Ags 0.1 b/s/Hz
Power allocation factor ags,1 0.5
Residual imperfect SIC interference β 0.01
Radius ra 4 km
Altitude Dalt 0.2 km
Minimum distance {λg,1, λg,2 } {2 km, 3 km}
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[11, eq. (4)]
Fig. 2. PDF comparison between the expression in [11, eq. (4)] and the
closed-form expression in (3) for m = 10 and Kt r ,1 = 150.
eq. (10)], along with the same approach in Theorem 1, the
OMA outage probability at UAV-i can be obtained as:
Pr
(OOMAi ) ≈
Ktr,1∑
k=0
k∑
i=0
α(k, i, Pg,i, γOMAi )G(λg,1, n + j), (8)
where α(k, i, Pg,i, γOMAi ) =
(−1)k−i
(
mXi
KXi+mXi
)mXi (mXi )i
Γ2(i+1)
(
KXi
KXi +mXi
) i ( 1+KXi
Pg, i
)k+1
γk+1
(k−i)!(k+1) .
V. NUMERICAL RESULTS
In this section, the validation of the joint PDF expression
and the outage probabilities at the downlink UAVs are pre-
sented. We also present Monte Carlo simulations conducted
with 107 samples using the simulation parameters in Table I.
In Fig. 2, the closed-form expression for the PDF
fR1,R2 (r1, r2) in (3) is compared against the expression in (2),
which is obtained from [11, eq. (4)]. Evidently, (3) is shown
to be in very close agreement with [11, eq. (4)]. Furthermore,
as m → ∞, the closed-form expression in (3) can be used to
model a bivariate Rician fading PDF.
The outage probabilities of the downlink UAVs are plotted
in Fig. 3. It is observed that the downlink UAVs with NOMA
exhibit lower outage probability than OMA. The reason for
such a trend is because the transmission rate of NOMA is set at
half of OMA, i.e., RNOMAgs =
1
2
ROMAgs , for a fair comparison.
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Fig. 3. Outage probability comparison of NOMA and OMA at the downlink
UAVs for Pg,1 = Pg,2 = P.
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Fig. 4. Impact of shadowing on NOMA and OMA at the downlink UAVs
for Pg,1 = Pg,2 = 10dB and m = mX1 = mX2 = m.
More interestingly, for NOMA, the outage probabilities of
the downlink UAVs are not interference-limited at high Pt
regimes, despite the presence of residual interference (β). It is
also observed that, for both NOMA and OMA, UAV-1 attains
lower outage probability than UAV-2. Such a trend implies that
the imperfect SIC at UAV-1 is able to attain a lower outage
probability than the II detector at UAV-2 as the former is closer
to the GS than the latter (λg,1 < λg,2).
The impact of shadowing on the downlink UAVs is shown in
Fig. 4. It is seen that NOMA attains lower outage probability
than OMA, even when shadowing is severe, e.g., m ≤ 1.
Furthermore, it is also observed that the outage probability
of NOMA decays faster than OMA as shadowing reduces
(m → ∞). As the trends in Fig. 4 are plotted with Rician
K factors of 10dB, further analytical analysis will be needed
to determine the combined impact of the Rician K factor and
shadowing parameters on NOMA outage probability.
VI. CONCLUSION
In this paper, downlink non-orthogonal multiple access
(NOMA) is analyzed for multi-UAV networks as a potential
solution to improve spectrum utilization. Utilizing a power se-
ries approach, closed-form expressions are derived for the joint
PDF and marginal CDF in the context of a bivariate Rician
shadowed fading model. With the marginal CDF expressions,
closed-form outage probability expressions are also derived for
a multi-UAV network with downlink NOMA under a stochas-
tic geometry framework. An analysis of the outage probability
for the multi-UAV network showed downlink NOMA attaining
lower outage probability than OMA. Also, NOMA is shown
to be less affected by the impact of shadowing than OMA.
APPENDIX A
PROOF OF LEMMA 1
We first begin by noting that I0
( 2ri x
σ2(1−ρ)
)
for i = 1, 2 in
(2) can be represented as the following power series [12, eq.
(9.6.10)]:
I0
(
2rix
σ2(1 − ρ)
)
=
∞∑
n=0
(1/4)n
n!Γ(n + 1)
(
2rix
σ2(1 − ρ)
)2n
=
∞∑
n=0
Ci(n). (9)
Then, using the Cauchy product theorem [13, eq. (0.316)],∏2
i=1 I0
( 2ri x
σ2(1−ρ)
)
in (2) becomes:
2∏
i=1
I0
(
2rix
σ2(1 − ρ)
)
≈
∞∑
k=0
k∑
n=0
C1(n)C2(k − n) ≈
Ktr,1∑
k=0
A(k), (10)
where A(k) = ∑kn=0 (1/4)k (2r1)2n (2r2)2(k−n)Γ2(n+1)Γ2(k−n+1)[σ2(1−ρ)]2k x2k .
Next, 1F1
(
m, 1; K
σ2ρ(ρm+K) x
2
)
in (2) is also expressed as the
following power series [12, eq. (13.1.2)]:
1F1
(
m, 1;
K
σ2ρ(ρm + K) x
2
)
≈
∞∑
i=0
B(i), (11)
where B(i) = (m)i
i!(1)i
(
K
σ2ρ(mρ+K)
) i
x2i . Using (10) and (11),
along with the Cauchy product theorem [13, eq. (0.316)],∏2
i=1 I0
( 2ri x
σ2(1−ρ)
)
1F1
(
m, 1; K
σ2ρ(ρm+K) x
2
)
in (2) can be ex-
pressed as:
2∏
i=1
I0
(
2rix
σ2(1 − ρ)
)
1F1
(
m, 1;
K
σ2ρ(ρm + K) x
2
)
≈
Ktr,1∑
k=0
k∑
i=0
A(i)B(k − i)
≈
Ktr,1∑
k=0
k∑
i=0
i∑
n=0
( 1
4
)i(2r1)2n(2r2)2(i−n)
Γ2(n + 1)Γ2(i − n + 1)[σ2(1 − ρ)]2i(1)k−i
× (mk−i)(k − i)!
(
K
σ2ρ(ρm + K)
)k−i
x2k . (12)
Substituting (12) into (2) and utilizing the fact that∫ ∞
0
x2k+1 exp
(
−(1−ρ)
σ2ρ(1−ρ) x
2
)
dx = k!
2
(
1−ρ
σ2ρ(1−ρ)
)−(k+1)
[13, eq.
(3.461.3)], one obtains the expression in (3). This completes
the proof.
APPENDIX B
PROOF OF LEMMA 2
Starting with R1, we note that exp
(−x2
A
) ≈ ∑Ktr,2
j=0
(−1) j
j!Aj
x2j
[13, eq. (1.211.3)]. Then, the marginal CDF FR1(γ1) can be
obtained from (3) as follows:
FR1 (γ1) ≈
∫ ∞
0
∫ γ1
0
Ktr,1∑
k=0
k∑
i=0
i∑
n=0
α(k, i, n)r2n+11 r2(i−n)+12
× exp
(
− r
2
1
+ r2
2
σ2(1 − ρ)
)
dr1dr2
≈
Ktr,1∑
k=0
k∑
i=0
i∑
n=0
Ktr,2∑
j=0
α(k, i, n) (−1)
j(γ1)2(n+j+1)
j![σ2(1 − ρ)]j2(n + j + 1)
×
∫ ∞
0
r
2(i−n)+1
2
exp
(
− r
2
2
σ2(1 − ρ)
)
dr2. (13)
Applying
∫ ∞
0
x2k+1 exp
( −(1−ρ)
σ2ρ(1−ρ) x
2
)
dx =
k!
2
(
1−ρ
σ2ρ(1−ρ)
)−(k+1)
[13, eq. (3.461.3)] to evaluate the
integral in (13) yields (4). For the marginal CDF FR2(γ2),
applying the same approach yields (5). This completes the
proof.
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